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The crystal structure of AOL (a fucose-speciﬁc lectin of Aspergillus oryzae) has been solved by SAD (single-
wavelength anomalous diffraction) and MAD (multi-wavelength anomalous diffraction) phasing of
seleno-fucosides. The overall structure is a six-bladed b-propeller similar to that of other fucose-speciﬁc
lectins. The fucose moieties of the seleno-fucosides are located in six fucose-binding sites. Although the
Arg and Glu/Gln residues bound to the fucose moiety are common to all fucose-binding sites, the amino-
acid residues involved in fucose binding at each site are not identical. The varying peak heights of the
seleniums in the electron density map suggest that each fucose-binding site has a different carbohydrate
binding afﬁnity.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
L-Fucosyl residues of glycoproteins on the cell surface play
important roles in many biological processes. Altered fucosylation
of glycoproteins is associated with serious diseases including can-
cer, cystic ﬁbrosis, and infection by pathogens. For example, the
level of fucosylated a-fetoprotein (AFP) is elevated in liver disease
[1,2]. Therefore, in order to diagnose or prevent serious liver dis-
eases, it is necessary to monitor the level of AFP. Fucose-binding
lectins from plants and fungi have been used for this purpose
[3,4]. Fucose-binding lectins have broad binding speciﬁcities in
general, and some of them preferentially recognize the a1,6-fucose
moiety [5e7]. FleA from Aspergillus oryzae (AOL), which waspergillus oryzae; AAL, fucose-
eciﬁc lectin from Aspergillus
b-Se-Fuc, b-seleno-fucoside
tion; SAD, single-wavelength
ation.
Bioorganic Chemistry, Gifu
n.
uichi.kato@kek.jp (R. Kato).
Inc. This is an open access article uoriginally identiﬁed as a ferrichrysin (Fcy) afﬁnity protein, is also a
fucose-speciﬁc lectin [8]. Puriﬁed AOL promotes hemagglutination
of rabbit erythrocytes. Furthermore, hemagglutination inhibition
assays revealed that AOL is an L-fucoseespeciﬁc lectin.
Many three-dimensional structures of fucose-binding lectins
have been determined and classiﬁed [9]. One major family of the
fucose-binding lectins whose structures have been solved is called
“fungal fucose-speciﬁc lectins”, which include lectins from Aleuria
aurantia (AAL) [10,11], Aspergillus fumigatus (AFL) [12], Ralstonia
solanacearum (RSL) [13], and Burkholderia ambifaria (BambL) [14].
Among these, AAL and AFL are from fungi, whereas RSL and BambL
are from bacteria. The primary feature of AAL and AFL structure is a
six bladed b-propeller. Monomers of bacterial lectins, which consist
of two-bladed b-propellers, form trimers. Thus, the ﬁnal trimeric
structure is a six-bladed b-propeller fold, similar to that of the
fungal lectins [13,14]. In the case of RSL and BambL, all six fucose-
binding sites in the six-bladed b-propeller structure are occupied
by fucose moieties. On the other hand, the proteins differ with
respect to the numbers of bound carbohydrates: all six sites are
occupied in AFL [12], whereas only ﬁve [10] or three [11] are
occupied in AAL.
Here, we report the crystal structure of a fungal fucose-
speciﬁc lectin, AOL, in complex with seleno-fucosides. Seleno-nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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binding proteins, and several X-ray crystal structures of sugar-
binding proteins in complex with seleno-carbohydrates are
determined [12,13,15e17]. In this study, we applied multi-
wavelength anomalous diffraction (MAD) and single-wavelength
anomalous diffraction (SAD) using seleno-fucosides to solve the
structure of AOL, and estimated the fucose-binding afﬁnity at
each site from the height of the selenium peak in the electron
density map.2. Materials and methods
2.1. Seleno-fucosides
Seleno-fucosides were synthesized via transacetalization be-
tween a selenoacetal and a glycosyl imidate [18]. In this study, re-
action between fucosyl imidate [19] and a benzyloxymethyl methyl
selenide in the presence of trimethylsilyl tri-
ﬂuoromethanesulfonate (TMSOTf) gave methyl 3,4-di-O-acetyl-6-
deoxy-2-O-(4-methoxybenzyl)-1-seleno-L-galactopyranoside in
87% yield (a:b¼ 3.14:1). a- and b-seleno-fucoside derivatives [a-Se-
Fuc and b-Se-Fuc, respectively (Fig. 1A),] were prepared by removal
of the 4-methoxybenzyl group followed by deacetylation, with
good overall yield. Detailed synthetic procedures will be reported
elsewhere. The synthesized seleno-fucoside was dissolved in
distilled water as a 100 mM stock solution and stored at 80 C
before crystallization.Fig. 1. Overall structure of AOL and seleno-fucosides used in structure determination. (A) C
with b-Se-Fuc is represented as a ribbon model in pink. The seleno-carbohydrates in the fuc
the N and C termini of AOL, respectively. The six blades of AOL are numbered from I to VI. (C
cyan. The orientation of AOL containing a-Se-Fuc is aligned with that of AOL containing b-Se
MAFFT program [34]. Similarity and secondary structure was determined using the ESPr
conserved residues. The green ﬁlled circles show residues located at equivalent positions in t
the exceptions of Y252 and S300. (For interpretation of the references to colour in this ﬁgu2.2. Crystallization
Recombinant AOL was purchased from Tokyo Chemical Industry
(Product number L0169, 5 mg/mL, in PBS at pH 6.5). After con-
centration to 7.1e7.8 mg/mL in PBS, the sample was used for crys-
tallization. The AOL solution was mixed with 10 mM seleno-
fucoside (a-Se-Fuc or b-Se-Fuc) on ice for 30 min before crystalli-
zation. Crystallization screening was performed by a crystallization
robot [20]. Crystals of AOL with a-Se-Fuc or b-Se-Fuc were obtained
under several conditions. The best crystal of AOL with a-Se-Fuc was
obtained at 20 C in 2% v/v PEG-400, 2.0 M ammonium sulfate,
0.1 M HEPES-Na (pH 7.5). The best crystal of AOL with b-Se-Fuc was
obtained at 20 C in 1.0 M mono-ammonium dihydrogen phos-
phate, 0.1 M tri-sodium citrate dihydrate (pH 5.6). 20% w/v glycerol
was used as a cryoprotectant for collection of both data sets.2.3. Data collection and structure determination
MAD data for AOL with a-Se-Fuc and SAD data for AOL with b-
Se-Fuc were collected at the BL-17A and BL-5A beamlines of the
KEK Photon Factory (Tsukuba, Japan), respectively. Before data
collection, X-ray absorption ﬁne structure (XAFS) experiments
were performed and analyzed using CHOOCH [21] to determine the
absorption edge (peak) and inﬂection point of seleno-fucosides. All
data were collected at 100 K and processed using the XDS package
[22,23]. Data scaling was performed with Pointless and Aimless of
the CCP4 suite [24,25]. The initial selenium sites of a-Se-Fuc in the
complex were determined with SHELXD in autoSHARP using thehemical structures of seleno-fucosides used in this study. (B) Overall structure of AOL
ose-binding sites are represented by stick models, labeled from 1 to 6. N and C refer to
) The overall structure of AOL containing a-Se-Fuc is represented by a ribbon model in
-Fuc. (D) Sequence alignment among six fucose-binding sites was performed using the
ipt 3 program with default settings [35]. Red characters with blue frames represent
he fucose-binding sites that contribute to hydrogen bonds with the fucose moiety, with
re legend, the reader is referred to the web version of this article.)
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Se-Fuc were performed with the PHENIX suite using the 15 sele-
nium sites determined by SHELXD [28]. CRUNCH2 of CRANK in
CCP4 found six selenium sites for SAD data of AOL with b-Se-Fuc.
Phasing and initial model-building of AOL with b-Se-Fuc were
performed with CRANK (BP3, SOLOMON) and ARP/wARP of the
CCP4 suite using the SAD data [29,30]. A total of 303 residues were
assigned on the electron density map as the sequence of AOL using
ARP/wARP. Further manual reﬁnements were performed with
COOT for AOL with the a-Se-Fuc and b-Se-Fuc structures [31]. Final
models were reﬁned with the PHENIX suite using TLS groups. De-
tails of data collection and reﬁnement statistics were described in
Table 1. The structural ﬁgures were made using PyMOL [32].2.4. Calculation of peak height at each selenium position in the
anomalous difference Fourier map
The anomalous difference Fourier map with the ﬁnal AOL
structure was calculated using phenix.maps in PHENIX [28]. MAP-
MASK and PEAKMAX in CCP4 suite assigned the peak heightTable 1
Data collection and reﬁnement statistics.
AOL-a-Se-Fuc
Data collection
Diffraction source PF BL-17A
Wavelength (Å) 0.97900 (peak) 0.97946 (in
Resolution range (Å) 48.99e2.00 (2.03e2.00) 48.25e2.00
Detector distance (mm) 219.8 219.7
Total rotation range () 0e180 0e180
Rotation range per image () 0.5 0.5
Space group C2221 C2221
Unit cell (Å, ) a ¼ 125.2 a ¼ 125.3
b ¼ 196.6 b ¼ 196.6
c ¼ 110.6 c ¼ 110.7
a ¼ b ¼ g ¼ 90 a ¼ b ¼ g ¼
Total reﬂections 690690 (33998) 692825 (34
Unique reﬂections 92112 (4525) 92373 (456
Multiplicity 7.5 (7.5) 7.5 (7.5)
Completeness (%) 100.0 (99.9) 99.9 (99.9)
Mean I/sigma(I) 9.3 (1.6) 9.4 (1.5)
Wilson B-factor 20.4 20.8
Rmerge 0.190 (1.477) 0.205 (1.74
Rmeas 0.224 (1.714) 0.220 (1.87
Rpim 0.082 (0.623) 0.080 (0.68
CC1/2 0.997 (0.819) 0.997 (0.76
Reﬁnement
Resolution range (Å) 38.29e2.3 (2.382e2.3)
R-work 0.2193 (0.3193)
R-free 0.2414 (0.3348)
Number of non-hydrogen atoms
7846
macromolecules 7308
ligands 200
water 338
Protein residues 930 (3 molecules)
RMS (bonds) (Å) 0.004
RMS (angles) (Å) 0.86
Ramachandran
favored (%) 96.9
allowed (%) 2.7
outliers (%) 0.0
Clashscore 1.97
Average B-factor (Å2) 41.1
macromolecules 41.2
ligands 42.7
solvent 37.3
Values in parenthesis refer to the highest resolution shell.
Values in Data collection section are calculated by Aimless in CCP4.
Values in Reﬁnement section are calculated by phenix utilities.(NUMPEAKS 500 and THRESHOLD RMS 4.0 in PEAKMAX) at each
selenium position of AOL with a-Se-Fuc or b-Se-Fuc [23].3. Results and discussion
3.1. Overall structure of AOL determined with seleno-carbohydrates
The structure of AOL containing seleno-fucoside (a-Se-Fuc) was
solved by MAD phasing using the selenium atoms in the carbohy-
drate as anomalously scattering sites. Its overall structure consists
of a six-bladed b-propeller (Fig. 1C). The deposited sequence
(UniProt ID, Q8TGE0) was used as a reference for model building
after MAD phasing, and the initial model was well constructed
using the Phenix Autosol program. The asymmetric unit contains
three molecules. A total of 918 of 922 built amino acids were
assigned in the AOL sequence in themodiﬁed electron density map,
with R/Rfree ¼ 0.27/0.29. However, the region from Trp294 to
Gly299, which corresponds to the b hairpin of blade VI, was not
well structured relative to other modeled regions, possibly due to a
mismatch between the modiﬁed electron density map and theAOL-b-Se-Fuc
PF BL-5A
ﬂection) 0.96422 (High remote) 0.97911
(2.03e2.00) 49.09e2.00 (2.03e2.00) 47.39e1.6 (1.63e1.60)
224.0 219.7
0e180 0e420
0.5 0.5
C2221 P6122
a ¼ 125.4 a ¼ b ¼ 58.6
b ¼ 197.0 c ¼ 397.6
c ¼ 110.8
90 a ¼ b ¼ g ¼ 90 a ¼ b ¼ 90 g ¼ 120
134) 694969 (34436) 2675664 (131722)
4) 92602 (4581) 55524 (2717)
7.5 (7.5) 48.2 (48.5)
99.9 (99.9) 100.0 (99.9)
8.5 (1.2) 24.2 (1.6)
22.6 17.8
1) 0.236 (2.208) 0.191 (3.983)
0) 0.254 (2.372) 0.193 (4.025)
0) 0.092 (0.862) 0.028 (0.572)
6) 0.996 (0.664) 1.000 (0.906)
45.2e1.6 (1.657e1.6)
0.1636 (0.3055)
0.1826 (0.3422)
2865
2444
72
349
311
0.004
1.01
97.4
1.9
0.0
0.41
26.1
24.3
31.1
38.3
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sequence with the sequence from the Aspergillus oryzae genome
project database (http://www.bio.nite.go.jp/dogan/project/view/
AO) revealed one mismatched region (Fig. S1A). Thus, the AOL
sequence used in our study is identical to the one identiﬁed by the
genome project, but different from the UniProt sequence (Q8TGE0).
In addition, our ﬁndings show that the seleno-fucoside provides
accurate phasing, allowing us to detect inaccuracies in the depos-
ited amino-acid sequence of AOL.
The three AOL molecules in the asymmetric unit containing a-
Se-Fuc have almost the same structure (RMSD values are between
0.112 and 0.130 Å), except for the loop region (Thr169eAsp172) of
chain C: Asp170 in chain Cmakes a hydrogen bond to His23 in chain
A caused by crystal packing. Site 4 of the fucose-binding site is
empty, and the six binding sites contain a total of ﬁve fucose
moieties (Fig. 1C).3.2. Structure of AOL with b-seleno-fucoside
We also determined the structure of AOL with another seleno-
fucoside, b-Se-Fuc (Fig. 1B), by the SAD method. The resultant
structure was of higher resolution than the structure containing a-
Se-Fuc (Table 1). The structure of AOL with b-Se-Fuc, determined
independently, was the same as that of AOL with a-Se-Fuc (Fig. 1B
and C). Six fucose moieties are present in the six binding sites. The
RMSD value between AOL with a-Se-Fuc (chain A) and AOL with b-
Se-Fuc (chain A) is 0.137 Å over 267 residues. Because the resolution
and quality of the model of AOL with b-Se-Fuc were much higher
than that of the model containing a-Se-Fuc (Table 1), hereafter weFig. 2. Fucose-binding sites in the AOL structure. The six fucose-binding sites of AOL conta
bonds and hydrophobic interactions are represented by stick models in green and cyan,
references to colour in this ﬁgure legend, the reader is referred to the web version of thisrefer to the more detailed b-Se-Fuc structure.3.3. Fucose-binding site
There are six fucose-binding sites in the structure of AOL, and
each site is located between two blades (Fig. 1B and C). The inter-
action between the protein and seleno-fucoside is similar at each
site. One blade primarily provides hydrophilic interactions with the
fucose moiety, whereas the other blade mainly contributes hy-
drophobic interactions. The Arg and Glu/Gln residues on one blade
interact with fucosemoieties via hydrogen bonds (Fig. 2, residues in
green; Fig. 3). These Arg and Glu/Gln residues are conserved in all
six binding sites (Fig. 1D, shown in green ﬁlled circles). Other res-
idues on the other blade contribute hydrophobic interactions
(Fig. 2, residues in cyan; Fig. 3). In addition, there is a hydrogen
bond between the NH2 of a Trp residue and the 3-OH of the fucose
moiety at sites 1, 2, 3, and 6. Tyr251 on blade V and Ser300 on blade
VI, which correspond to the Trp residues, form no hydrogen bonds
with the fucosemoieties at sites 4 and 5, respectively (Figs. 2 and 3).
Additional hydrogen bonds between AOL and the fucose moiety
were also detected: Ala98 and Thr150 form hydrogen bonds to the
3-OH of the fucose moiety at sites 2 and 3, respectively (Figs. 2 and
3). The number of hydrogen bonds between fucose moieties and
amino-acid residues differs at each of the six binding sites, sug-
gesting that each site has a different afﬁnity for fucose. In summary,
sites 2 and 3may have a stronger afﬁnity for fucose, whereas sites 4
and 5 have weaker afﬁnity.
Next, we estimated the relative fucose-binding afﬁnity at each
site of AOL from the peak height of the anomalous differenceining b-Se-Fuc are represented by a ribbon model. Residues that contribute hydrogen
respectively. Yellow dotted lines indicate hydrogen bonds. (For interpretation of the
article.)
Fig. 3. Schematic representation of the six fucose-binding sites of AOL. Broken lines represent hydrogen bonds between residues of AOL and the fucose moiety. The residues
involved in hydrophobic bonds are listed in the box on each panel.
Table 2
Peak height of the anomalous difference Fourier map at each fucose binding site.
Chain Site Peak height by PEAKMAX
AOL with a-Se-Fuc A Site1 13.22
Site2 22.02
Site3 14.44
Site5 6.38
Site6 10.02
B Site1 8.97
Site2 21.44
Site3 13.13
Site5 4.58
Site6 7.33
C Site1 9.89
Site2 22.44
Site3 15.25
Site5 9.07
Site6 8.94
AOL with b-Se-Fuc A Site1 29.09
Site2 49.28
Site3 45.61
Site4 40.33
Site5 12.44
Site6 22.12
Fig. 4. Contribution of Glu201 of AOL for fucose binding. Site 4 of AOL with b-Se-Fuc
(green) is shown. Arg177, Gln189, and Glu201 are represented as stick models. The
PISA calculation of these three residues is shown below. “H” indicates that the residue
makes a hydrogen bond with seleno-fucoside. ASA and BSA are accessible surface area
(Å2) and buried surface area (Å2), respectively. DiG is the solvation energy effect (k cal/
mol). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
H. Makyio et al. / Biochemical and Biophysical Research Communications 477 (2016) 477e482 481Fourier map at each selenium position (Table 2). The peak heights
at site 2 and site 3 are higher than the others, whereas the peak
height at site 5 is relatively lower than the others. Although there is
no fucose moiety at site 4 in the a-Se-Fuc structure, the peak height
of the b-Se-Fuc structure is relatively high (Table 2). At site 4, the
side chain of Glu201 is located close to 1-Se-methyl residue of b-Se-
Fuc (Fig. 4A). The solvation energy effect (DiG) of Glu201 was
calculated as negative by the PISA software, suggesting this residue
H. Makyio et al. / Biochemical and Biophysical Research Communications 477 (2016) 477e482482contributes to b-Se-Fuc binding at site 4 [33]. This might explain the
relatively strong afﬁnity of b-Se-Fuc at site 4. On the other hand,
there is no fucose moiety at site 4 in the a-Se-Fuc structure (Fig.1C).
The crystal packing differs between the a-Se-Fuc and b-Se-Fuc
structures, and both site 4 of chain B and the symmetry-related
chain A are close to each other in the a-Se-Fuc structure (Fig. S2).
Crystal packing might reduce the occupancy of a-Se-Fuc at site 4,
which forms fewer hydrogen bonds with the fucose moiety than
sites 1, 2, 3, and 6. Consequently, AOL unaffected by crystal packing
could bind six fucose moieties in the monomer, as in the case of AFL
[12].
Acknowledgments
We thank Ms. Tamie Aoki, Ms. Kana Kobayashi and Dr. Yoshiko
Kakizawa (KEK) for providing technical assistance.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2016.06.069.
Transparency document
Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2016.06.069.
Accession numbers
The coordinates of the AOL with a-Se-Fuc and b-Se-Fuc have
been deposited under accession codes 5EO7 and 5EO8, respectively.
Author contributions
RK conceived the idea, HM, JS, TS, AI performed research, HM JS,
HI, MK, HA, RK analyzed the data, and HM, JS, HA, RK wrote the
paper.
References
[1] S.H. Chan, S.H. Heng, S.L. Yo, C.J. Oon, Comparison of various assays for
detection of AFP in differentiating patients with primary hepatocellular car-
cinoma from controls, J. Clin. Pathol. 33 (1980) 792e793.
[2] L.E. Schmidt, K. Dalhoff, Alpha-fetoprotein is a predictor of outcome in
acetaminophen-induced liver injury, Hepatology 41 (2005) 26e31.
[3] Y. Aoyagi, Y. Suzuki, K. Igarashi, A. Saitoh, M. Oguro, T. Yokota, S. Mori, T. Suda,
M. Isemura, H. Asakura, Carbohydrate structures of human alpha-fetoprotein
of patients with hepatocellular carcinoma: presence of fucosylated and non-
fucosylated triantennary glycans, Br. J. Cancer 67 (1993) 486e492.
[4] T. Nakagawa, N. Uozumi, M. Nakano, Y. Mizuno-Horikawa, N. Okuyama,
T. Taguchi, J. Gu, A. Kondo, N. Taniguchi, E. Miyoshi, Fucosylation of N-glycans
regulates the secretion of hepatic glycoproteins into bile ducts, J. Biol. Chem.
281 (2006) 29797e29806.
[5] K. Matsumura, K. Higashida, H. Ishida, Y. Hata, K. Yamamoto, M. Shigeta,
Y. Mizuno-Horikawa, X. Wang, E. Miyoshi, J. Gu, N. Taniguchi, Carbohydrate
binding speciﬁcity of a fucose-speciﬁc lectin from Aspergillus oryzae: a novel
probe for core fucose, J. Biol. Chem. 282 (2007) 15700e15708.
[6] Y. Kobayashi, H. Tateno, H. Dohra, K. Moriwaki, E. Miyoshi, J. Hirabayashi,
H. Kawagishi, A novel core fucose-speciﬁc lectin from the mushroom Pholiota
squarrosa, J. Biol. Chem. 287 (2012) 33973e33982.
[7] Y. Kobayashi, H. Kawagishi, Fungal lectins: a growing family, in: J. Hirabayashi
(Ed.), Lectins Methods and Protocols, Methods in Molecular Biology 1200,
Springer, New York, 2014, pp. 15e38.
[8] H. Ishida, T. Moritani, Y. Hata, A. Kawato, K. Suginami, Y. Abe, S. Imayasu,
Molecular cloning and overexpression of ﬂeA gene encoding a fucose-speciﬁc
lectin of Aspergillus oryzae, Biosci. Biotechnol. Biochem. 66 (2002)
1002e1008.
[9] H. Makyio, R. Kato, Classiﬁcation and comparison of fucose-binding lectins
based on their structures, Trends Glycosci. Glycotechnol. 28 (2016) E25eE37.
[10] M. Wimmerova, E. Mitchell, J.-F.F. Sanchez, C. Gautier, A. Imberty, Crystal
structure of fungal lectin: six-bladed beta-propeller fold and novel fucose
recognition mode for Aleuria aurantia lectin, J. Biol. Chem. 278 (2003)27059e27067.
[11] M. Fujihashi, D.H. Peapus, N. Kamiya, Y. Nagata, K. Miki, Crystal structure of
fucose-speciﬁc lectin from Aleuria aurantia binding ligands at three of its ﬁve
sugar recognition sites, Biochemistry 42 (2003) 11093e11099.
[12] J. Houser, J. Komarek, N. Kostlanova, G. Cioci, A. Varrot, S.C. Kerr, M. Lahmann,
V. Balloy, J.V. Fahy, M. Chignard, A. Imberty, M. Wimmerova, A soluble fucose-
speciﬁc lectin from Aspergillus fumigatus conidiaestructure, speciﬁcity and
possible role in fungal pathogenicity, PLoS One 8 (2013) e83077.
[13] N. Kostlanova, E.P. Mitchell, H. Lortat-Jacob, S. Oscarson, M. Lahmann,
N. Gilboa-Garber, G. Chambat, M. Wimmerova, A. Imberty, The fucose-binding
lectin from Ralstonia solanacearum. a new type of b-propeller architecture
formed by oligomerization and interacting with fucoside, fucosyllactose, and
plant xyloglucan, J. Biol. Chem. 280 (2005) 27839e27849.
[14] A. Audfray, J. Claudinon, S. Abounit, N. Ruvo€en-Clouet, G. Larson, D.F. Smith,
M. Wimmerova, J. Le Pendu, W. R€omer, A. Varrot, A. Imberty, Fucose-binding
lectin from opportunistic pathogen Burkholderia ambifaria binds to both
plant and human oligosaccharidic epitopes, J. Biol. Chem. 287 (2012)
4335e4347.
[15] L. Buts, R. Loris, E. De Genst, S. Oscarson, M. Lahmann, J. Messens, E. Brosens,
L. Wyns, H. De Greve, J. Bouckaert, Solving the phase problem for
carbohydrate-binding proteins using selenium derivatives of their ligands: a
case study involving the bacterial F17-G adhesin, Acta Crystallogr. D. Biol.
Crystallogr. 59 (2003) 1012e1015.
[16] O. Sulak, G. Cioci, M. Delia, M. Lahmann, A. Varrot, A. Imberty, M. Wimmerova,
A TNF-like trimeric lectin domain from Burkholderia cenocepacia with spec-
iﬁcity for fucosylated human histo-blood group antigens, Structure 18 (2010)
59e72.
[17] T. Suzuki, H. Makyio, H. Ando, N. Komura, M. Menjo, Y. Yamada, A. Imamura,
H. Ishida, S. Wakatsuki, R. Kato, M. Kiso, Expanded potential of seleno-fucoses
as a molecular tool for X-ray structural determination of a carbohydrate-
protein complex with single/multi-wavelength anomalous dispersion
phasing, Bioorg. Med. Chem. 22 (2014) 2090e2101.
[18] T. Suzuki, N. Komura, A. Imamura, H. Ando, H. Ishida, M. Kiso, A facile method
for synthesizing selenoglycosides based on selenium-transfer to glycosyl
imidate, Tetrahedron Lett. 55 (2014) 1920e1923.
[19] A. Hara, A. Imamura, H. Ando, H. Ishida, M. Kiso, A new chemical approach to
human ABO histo-blood group type 2 antigens, Molecules 19 (2013) 414e437.
[20] M. Hiraki, R. Kato, M. Nagai, T. Satoh, S. Hirano, K. Ihara, N. Kudo, M. Nagae,
M. Kobayashi, M. Inoue, T. Uejima, S. Oda, L.M. Chavas, M. Akutsu, Y. Yamada,
M. Kawasaki, N. Matsugaki, N. Igarashi, M. Suzuki, S. Wakatsuki, Development
of an automated large-scale protein-crystallization and monitoring system for
high-throughput protein-structure analyses, Acta Crystallogr. D. Biol. Crys-
tallogr. 62 (2006) 1058e1065.
[21] G. Evans, R.F. Pettifer, CHOOCH: a program for deriving anomalous-scattering
factors from X-ray ﬂuorescence spectra, J. Appl. Cryst. 34 (2001) 82e86.
[22] W. Kabsch, Xds, Acta Crystallogr. D. Biol. Crystallogr. 66 (2010) 125e132.
[23] W. Kabsch, Integration, scaling, space-group assignment and post-reﬁnement,
Acta Crystallogr. D. Biol. Crystallogr. 66 (2010) 133e144.
[24] M.D. Winn, C.C. Ballard, K.D. Cowtan, E.J. Dodson, P. Emsley, P.R. Evans,
R.M. Keegan, E.B. Krissinel, A.G.W. Leslie, A. McCoy, S.J. McNicholas,
G.N. Murshudov, N.S. Pannu, E.A. Potterton, H.R. Powell, R.J. Read, A. Vagin,
K.S. Wilson, Overview of the CCP4 suite and current developments, Acta
Crystallogr. D. Biol. Crystallogr. 67 (2011) 235e242.
[25] P.R. Evans, An introduction to data reduction: space-group determination,
scaling and intensity statistics, Acta Crystallogr. D. Biol. Crystallogr. 67 (2011)
282e292.
[26] G.M. Sheldrick, Experimental phasing with SHELXC/D/E: combining chain
tracing with density modiﬁcation, Acta Crystallogr. D. Biol. Crystallogr. 66
(2010) 479e485.
[27] C. Vonrhein, E. Blanc, P. Roversi, G. Bricogne, Automated structure solution
with autoSHARP, Methods Mol. Biol. 364 (2007) 215e230.
[28] P.D. Adams, P.V. Afonine, G. Bunkoczi, V.B. Chen, I.W. Davis, N. Echols,
J.J. Headd, L.W. Hung, G.J. Kapral, R.W. Grosse-Kunstleve, J. McCoy,
N.W. Moriarty, R. Oeffner, R.J. Read, D.C. Richardson, J.S. Richardson,
T.C. Terwilliger, P.H. Zwart, PHENIX: a comprehensive Python-based system
for macromolecular structure solution, Acta Crystallogr. Sect. D. Biol. Crys-
tallogr. 66 (2010) 213e221.
[29] S.R. Ness, R.A.G. De Graaff, J.P. Abrahams, N.S. Pannu, Crank: new methods for
automated macromolecular crystal structure solution, Structure 12 (2004)
1753e1761.
[30] G. Langer, S.X. Cohen, V.S. Lamzin, A. Perrakis, Automated macromolecular
model building for X-ray crystallography using ARP/wARP version 7, Nat.
Protoc. 3 (2008) 1171e1179.
[31] P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of
Coot, Acta Crystallogr. D. Biol. Crystallogr. 66 (2010) 486e501.
[32] L.L.C. Schr€odinger, The PyMOL Molecular Graphics System, 2010.
Version~1.3r1.
[33] E. Krissinel, K. Henrick, Inference of macromolecular assemblies from crys-
talline state, J. Mol. Biol. 372 (2007) 774e797.
[34] K. Katoh, D.M. Standley, MAFFT multiple sequence alignment software version
7: improvements in performance and usability, Mol. Biol. Evol. 30 (2013)
772e780.
[35] X. Robert, P. Gouet, Deciphering key features in protein structures with the
new ENDscript server, Nucleic Acids Res. 42 (2014) W320eW324.
